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Abstract
Background: Neisseria meningitidis is a naturally transformable, facultative pathogen colonizing the human nasopharynx.
Here, we analyze on a genome-wide level the impact of recombination on gene-complement diversity and virulence
evolution in N. meningitidis. We combined comparative genome hybridization using microarrays (mCGH) and multilocus
sequence typing (MLST) of 29 meningococcal isolates with computational comparison of a subset of seven meningococcal
genome sequences.
Principal Findings: We found that lateral gene transfer of minimal mobile elements as well as prophages are major forces
shaping meningococcal population structure. Extensive gene content comparison revealed novel associations of virulence
with genetic elements besides the recently discovered meningococcal disease associated (MDA) island. In particular, we
identified an association of virulence with a recently described canonical genomic island termed IHT-E and a differential
distribution of genes encoding RTX toxin- and two-partner secretion systems among hyperinvasive and non-hyperinvasive
lineages. By computationally screening also the core genome for signs of recombination, we provided evidence that about
40% of the meningococcal core genes are affected by recombination primarily within metabolic genes as well as genes
involved in DNA replication and repair. By comparison with the results of previous mCGH studies, our data indicated that
genetic structuring as revealed by mCGH is stable over time and highly similar for isolates from different geographic origins.
Conclusions: Recombination comprising lateral transfer of entire genes as well as homologous intragenic recombination
has a profound impact on meningococcal population structure and genome composition. Our data support the hypothesis
that meningococcal virulence is polygenic in nature and that differences in metabolism might contribute to virulence.
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Introduction
Neisseria meningitidis is a commensal exclusively of the human
nasopharynx that is carried by about 20% of the human
population [1,2]. For reasons that are still largely unknown, the
meningococcus can sometimes invade the pharyngeal mucosal
epithelium causing septicemia or acute bacterial meningitis [3].
Based on the chemical composition and the immunological
characteristics of their capsular polysaccharide, meningococci
are divided into 12 serogroups [4], and the most important
serogroups associated with disease in humans are A, B, C, W-135
and Y. While serogroups B and C cause the majority of cases in
industrialized countries, serogroup A strains are the main
meningococcal pathogens in sub-Saharan Africa [5]. Apart from
epidemic outbreaks, approximately 500,000 cases of meningococ-
cal disease are estimated to occur every year on a worldwide basis
posing a heavy burden on the public health systems especially in
developing countries [6].
The genetic basis for meningococcal virulence is still not fully
resolved. Epidemiologic and experimental observations suggest
that the polysaccharide capsule is necessary but not sufficient to
confer full virulence. Unfortunately, the strict tropism of N.
meningitidis for humans has so far prevented the development of any
suitable animal model to study meningococcal infection biology in
vivo. Analysis of meningococcal population structure by MLST
suggests that disease-causing meningococci belong to particular
groups of related sequence types (STs), termed clonal complexes
(CCs), that are overrepresented in disease isolates relative to their
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lineages are responsible for most disease (reviewed in ref. [7]).
However, whole genome sequencing (WGS) as well as whole-
genome mCGH demonstrated that there is no virulence gene pool
in N. meningitidis that is exclusively present in all strains from
hyperinvasive lineages (reviewed in ref. [8]), although one genome-
wide association study (GWAS) found an association between the
MDA island belonging to the M13 family of filamentous
prophages with disease-causing bacteria from hyperinvasive
lineages [9]. However, this GWAS included only genes from a
meningococcal serogroup A strain and thus missed all genes that
are specific for the genetically variant serogroup B and C strains
causing most disease in industrialized countries.
Compared to the ongoing efforts in identifying meningococcal
virulence-associated genes, more significant progress has been
made in the development of molecular typing methods and MLST
has emerged as a genotyping ‘‘gold standard’’ for N. meningitidis
(reviewed in ref. [10]). It benefits from a well-established
population genetic framework and has successfully been applied
to the study of meningococcal diversity in the context of
epidemiology and surveillance [7,11]. However, since this method
is based on the analysis of DNA sequence polymorphisms in
<450-bp internal fragments of only seven housekeeping genes,
strain relatedness is inferred from a very limited sub-sampling of
the entire genome. This becomes increasingly relevant given the
extensive genomic diversity observed in N. meningitidis through
WGS [8,12,13,14] and mCGH [15,16,17,18]. In fact, N.
meningitidis is a naturally transformable species and constitutively
competent for the uptake of DNA and WGS revealed the presence
of about 2000 copies of the 10-bp DNA uptake sequence (DUS) in
meningococcal genomes facilitating the incorporation also of
foreign DNA. Accordingly, instances of lateral gene transfer (LGT)
and gene conversion involving the nonreciprocal replacement or
addition of either homologous or non-homologous sequences,
respectively, have been described in N. meningitidis (reviewed in
[19]).
Little is known so far about the correlation between population
structure inferred from mCGH and MLST data for bacteria
undergoing frequent (homologous) recombination such as N.
meningitidis. Likewise, a systematic genome-wide analysis of the
extent to which genes from the meningococcal core genome are
affected by recombination is still lacking.
Here, we used a combination of mCGH and computational
approaches to systematically analyze recombination-mediated
variation of the meningococcal core and accessory genomes in a
set of 29 meningococcal strains from 22 different CCs. In
particular, we assessed the correlation between meningococcal
population structure based on the accessory and core genomes as
revealed by mCGH and MLST analyses, respectively. We further
analyzed gene content variation among strains to estimate the
impact of recombination on the accessory genome with a
particular focus on possible associations between gene content
and pathogenicity. To systematically estimate the extent to which
the core genome is affected by homologous (intragenic) recombi-
nation, we screened the core genome in a subset of strains from the
same population for recombinant genes and performed a
functional classification of all genes affected by recombination.
Results
In this work, we analyzed the composition of the meningococcal
gene complement of a population of 29 strains via mCGH. We
used an oligonucleotide-based microarray which covers the
genomes from the meningococcal strains a14, FAM18, MC58
and Z2491 and which allows for the simultaneous detection of
1679 genes at an overall accuracy of 98% [20]. To analyze the
impact of recombination on genes from the core genome, we in
addition computationally screened 1092 core genes in seven
strains from the same population for signs of recombination.
Characterization of the sample population
Since, by definition, a population is all the organisms that both
belong to the same species and live in the same geographical area
[21], we analyzed a national, well characterized collection of
strains that was sampled predominantly in Germany in the years
1999–2000 to also avoid potential confounding effects of spatial
and temporal population structure [22]. The sample population
covered over 98% of the observed genetic diversity in a population
of carriage strains with assigned CCs [1] and included all major
hyperinvasive lineages associated with invasive disease as deter-
mined via MLST. The panel comprises 29 strains isolated from
patients (n=13) as well as from healthy carriers (n=16) which
belong to six different serogroups including also capsule null locus
(cnl) strains and 22 different CCs, respectively (Table 1). Fifteen
strains were from CCs more frequently associated with invasive
meningococcal disease (IMD) than carriage, and 14 in turn
belonged to CCs that are mostly associated with asymptomatic
carriage in healthy individuals. Twenty-six strains (90%) were
isolated in Germany either in the course of the Bavarian carriage
study [1] or were taken from the strain collection of the German
Reference Laboratory for Meningococci (NRZM, Wu ¨rzburg,
Germany) spanning the same time period. Strains Z2491, MC58
and FAM18 were included from outside Germany to allow for
computational comparisons based on available whole genome
sequences.
Based on the concatenated sequences of the seven MLST
housekeeping gene fragments comprising the entire set of 29
strains, Tajima’s D was slightly but non-significantly negative
(D=21.52788, p.0.10) implying that the population might have
experienced (small) changes in population size such as population
bottlenecks. There was also no significant subdivision within the
German population (p.0.10), and there were also no genetic
differences detectable between the two meningococcal subpopu-
lations isolated from patients and healthy carriers, respectively.
However, hyperinvasive and carriage populations were genetically
distinct (p,0.05) as revealed by the Ks*, Z* as well as Snn statistics,
and the subpopulation of carriage strains showed a higher pairwise
nucleotide diversity (p=0.04498) than strains belonging to
hyperinvasive lineages (p=0.003104). Based on the individual
MLST loci, there were signs of recombination in the allele
sequences of abcZ, aroE, pdhC and pgm, and the mean relative
recombination to mutation rate r/h was estimated to be about
1.25 (CI0.95=[0.114, 2.851]) which is comparable with earlier
estimates based on larger sample sizes [23] (Table S1). Taken
together, this sample therefore reflects some important genetic
characteristics found in larger carriage and disease populations
[7,24].
Characterization of the meningococcal gene pool
By definition, the bacterial pan-genome consists of the set of
genes that can be found in all strains of that species, i. e., the
species’ core genome, and the accessory genome which is
composed of genes that vary between strains [25]. Among the
1679 genes compared, 1139 were found in all of the 29 strains
examined via mCGH and are thus likely part of the meningococ-
cal core genome. Five hundred forty genes in turn were found to
be absent in at least one strain of the sample collection and are
thus part of the meningococcal accessory genome. Of these, 31
Population Genomics of N. meningitidis
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on the array but not in any other of the additional 25 strains
examined. With respect to the sample population, they conse-
quently constitute strain-specific genes. The remaining 509
accessory genes are present in more than one meningococcal
strain and are thus part of the meningococcal distributed genome.
Compared to accessory genes, core genes have a higher GC
content and codon adaptation index (CAI) (Figure 1 A), and the
distribution of core, distributed and strain-specific genes among
the different functional classes are also significantly different
(Figure 1 B). The core genome is enriched for genes in
housekeeping functions and in particular for metabolic genes
which are entirely missing among the strain-specific genes. In line
with their housekeeping functions, core genes encode proteins
predominantly localized in the cytoplasm, inner membrane or
periplasmic space while the distributed genome is enriched for
genes encoding outer membrane proteins (Figure 1 C). The latter
includes proteins involved in host cell interactions such as the
major adhesin OpcA (NMB1053), the autotransporter proteins
NalP (NMB1969), NadA (NMB1994) and MspA (NMB1998), as
well as the two-partner secretion (TPS) proteins TpsA2
(NMB1768) and TpsA3 (NMB1214) (see below), and it is likely
that the host immune system exerts positive selection pressure
which favors a high variability in the adhesin repertoire.
Compared to the distributed genome, the strain-specific genes
are slightly enriched for genes involved in information storage and
processing, and their functional profile together with the low GC
content suggest that they might reside on mobile genetic elements
(MGEs). In fact, of the 31 strain-specific genes 16 belong to a Mu-
like prophage found in the a14 genome [14], and another four
genes are also located on different Mu-like prophages in the
genomes of the strains a14 and Z2491, respectively. Another ten
genes reside on (candidate) minimal mobile elements ((c)MMEs).
This class of MGEs has been defined as regions encompassing two
conserved genes between which different whole-gene cassettes are
found in different strains and that are chromosomally incorporated
through the action of homologous recombination [26]. Finally,
NMB0374 encodes a MafB1 protein with a highly variant C-
terminus so that the respective oligonucleotide probably does not
hybridize with any other C-terminal cassette.
Table 1. Strains used in the study.
Strain Serogroup ST CC Lineage
(1) Source Country Year Reference Genome
(2)
a14 cnl 53 53 carriage carrier Germany 1999 [1] AM889136*
a704 cnl 198 198 carriage carrier Germany 2000 [1] NA
WUE2594 A 5 5 invasive IMD
(3) Germany 1991 [80] NA
Z2491 A 4 4 invasive IMD Gambia 1983 [81] AL157959*
DE6894 B 32 32 invasive IMD Germany 2000 [11] NA
a4 B 19 18 carriage carrier Germany 1999 [1] NA
a31 B 797 269 invasive carrier Germany 1999 [1] NA
a78 B 44 41/44 invasive carrier Germany 1999 [1] NA
a490 B 364 364 carriage carrier Germany 2000 [1] NA
a522 B 35 35 carriage carrier Germany 2000 [1] NA
a547 B 41 41/44 invasive carrier Germany 2000 [1] NA
a710 B 136 41/44 invasive carrier Germany 2000 [1] CP001561
DE7127 B 41 41/44 invasive IMD Germany 2000 [11] NA
DE7865 B 269 269 invasive IMD Germany 2001 [11] NA
DE7901 B 18 18 carriage IMD Germany 2001 [11] NA
DE8638 B 162 162 carriage IMD Germany 2002 [11] NA
DE9155 B 44 41/44 invasive IMD Germany 2002 [11] NA
MC58 B 74 32 invasive IMD UK 1983 [82] AE002098*
DE6904 C 8 8 invasive IMD Germany 2002 [11] NA
DE7017 C 11 11 invasive IMD Germany 2000 [11] NA
FAM18 C 11 11 invasive IMD USA 1980 [12] AM421808*
WUE2121 C 11 11 invasive IMD Germany 1997 [83] NA
a95 29E 106 106 carriage carrier Germany 1999 [1] NA
a153 29E 60 60 carriage carrier Germany 1999 [1] AM889137
a707 29E 254 254 carriage carrier Germany 2000 [1] NA
a3 W-135 174 174 carriage carrier Germany 1999 [1] NA
a275 W-135 22 22 carriage carrier Germany 2000 [1] AM889138
a267 Y 23 23 carriage carrier Germany 2000 [1] NA
a533 Y 92 92 carriage carrier Germany 2000 [1] NA
(1)Assignments of clonal complexes (CCs) into invasive and carriage lineages is based on refs. [15].
(2)Asterisks behind the GenBank accession numbers indicate that the respective genome was represented on the microarray used for mCGH analyses.
(3)Invasive meningococcal disease.
doi:10.1371/journal.pone.0018441.t001
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Maximum parsimony (Figure 2) as well as distance based
clustering methods (Figure 3 A) show that the sample population
can be grouped into eight genome groups (GGs) based on gene
content. Each GG contains between two and five strains and
together the eight GGs form two larger groups. One of these two
groups comprises GG-I and GG-V to GG-VIII and contains almost
all serogroup B and C strains (17/18) as well as the two cnl strains,
while the other group comprises GG-II, GG-III and GG-IV and
contains almost exclusively non-B/C serogroup strains (9/10). All
strains from GG-I and GG-V to GG-VIII harbor either a complete
copy of a l-like prophage or a degraded version thereof in form of a
canonical genomic island termed IHT-E [16]. In addition, all strains
from GG-V to GG-VII contain IHT-B and with the exception of
strain a522 (ST-35 CC) also a complete IHT-C. IHT-C in turn is
missing in all strains from GG-II, GG-III and GG-IV with the
exception of strain a95 (ST-106 CC) in GG-II. However, not all
GGs are separated from each other by the specific presence or
absence of certain marker genes, and most genes specifically present
or absent in certain GGs are located either at the cps locus or on a
variety of MMEs (Table S2). For example, the two cnl strains form
GG-I and they accordingly lack genes from the cps locus, and strains
from GG-VII and GG-VIII harbor a number of MMEs that cannot
be found in the other genome groups. Notably, no two strains have
exactly the samegene content,and even strains fromthe sameclonal
complexes and the same serogroup differ particularly in their
repertoire of (c)MMEs and neisserial filamentous prophages (Nfs)
[27] (Table S3). These data suggest a high rate of LGT among
strains primarily in the form of (c)MMEs and phages of the Nf
family. In line with these observations, the high degree of homoplasy
inthegenecontentdata,thecorrespondinglylowensembleretention
index (RI) of the maximum parsimony tree (Figure 2) with
RI=0.643 and the numerous cycles in the neighbor-net reconstruc-
tion (Figure 3 A) suggest a pervasive and genome-wide effect of LGT
on meningococcal gene content evolution and population structure.
Despite the differences described above, strains belonging to the
same serogroup have also a highly similar gene content (Figure 2
and 3 A). For example, all strains in GG-VIII belong to serogroup
C, and all strains in GG-VI and GG-VII to serogroup B,
respectively. Likewise, strains belonging to the same CC have
highly similar gene content, and clustering of strains based on
mCGH data reveals that the CCs ST-8 and ST-11, CCs ST-18,
ST-19 and ST-364, as well as the CCs ST-32, ST-35 and ST-269,
respectively, are highly related. With the exception of GG-VI
comprising exclusively ST-41/44 CC strains, almost all groups
defined via mCGH are in turn lost when clustered according to
conventional MLST (Figure 3 B). The latter holds true whether
Figure 1. Characterization of the meningococcal gene comple-
ment. A) Boxplots comparing the GC content and CAI between core,
distributed and strain-specific genes. Core genes have a significantly
higher GC content than the distributed genes and also a significantly
higher CAI than genes from the accessory genome comprising
distributed and strain-specific genes (p,0.001, Wilcoxon test). B)
Distribution of genes from the different genomic compartments also
including pairwise differences between strains from the same CC
among the major COG functional classes. There are significant
differences in the functional composition between all four genomic
compartments (p,0.01, x
2 test). Compared to the other genomic
compartments the core genome is enriched for metabolic genes as well
as genes involved in cellular processes, information storage and
processing, respectively (p,0.01, Fisher’s exact test). C) Histogram of
the predicted subcellular localization of genes from the different
genomic compartments. Again, there are significant differences
between the different genomic compartments (p,0.01, x
2 test). In line
with their housekeeping functions, core genes are localized primarily
within the cytoplasm, the inner membrane and the periplasmic space
whereas the distributed genes and genes that differ between strains
from the same CC are in turn enriched for genes coding for outer
membrane proteins (p,0.05, Fisher’s exact test).
doi:10.1371/journal.pone.0018441.g001
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S1), or using an approach based on the concatenation of MLST
gene sequences (Figure 3 B). The meningococcal population
therefore displays a level of genetic structuring that cannot be
detected using conventional MLST. In line with previous findings
by others and with the estimated r/h.1, the numerous cycles in
the MLSA-based neighbor-net graph again indicate frequent
recombination resulting in allelic conversion in housekeeping
genes which might therefore be more frequent than the lateral
transfer of entire genes leading to changes in gene content as
detected by mCGH.
Novel types of serogroup switching as suggested by
mCGH
Despite ongoing recombination, there is an astonishing linkage
between capsular serogroups and clonal complexes [7]. Capsule
switching nevertheless has been reported and receives special
attention because of its impact on vaccination strategies.
Microevolution resulted in serogroup B to C [28,29] and
serogroup C to W-135 switches [30,31]. Accordingly, strain a4
might represent a recent switch event from Y to W-135, as it is
highly related to the ST-23 CC, which predominantly is associated
with serogroup Y strains (Figure 3 A). This switch theoretically is
easily accomplished by a single amino acid change of the capsule
polymerase gene at amino acid position 310 [32,33]. Another
recent switch might explain the position of serogroup B strain
DE8638 which clusters close to the two serogroup A strains and is
clearly separated from all other serogroup B/C strains. This is
most parsimoniously explained either by LGT of the entire cps
region A encoding the serogroup B capsule synthesis genes from a
serogroup B donor to a serogroup A recipient strain, resulting in a
serogroup A to serogroup B capsule switch. More interestingly, the
analysis of the population structure based on gene content further
suggests common ancestors of serogroup 29E and W-135
Figure 2. Clustering of strains based on the accessory genome. A maximum parsimony (MP) tree is shown with bootstrap values at nodes
used for grouping of strains into eight GGs from their gene content comprising 470 parsimony informative genes as revealed by mCGH. Strains with
an asterisk next to their name have further been used for the in silico screening for intragenomic recombination in 1092 genes from the core genome
as estimated via mCGH of the entire sample population. Next to the MP tree, the CCs and serogroups (Sg) of the respective strains are given with
hypervirulent CCs in black boxes, and right to the Sgs a virtual array image displaying the presence and absence of 1679 genes is shown. Strains from
the same serogroup have in general highly similar gene content, and strains from the same CC always belong to the same GG. In turn, a GG can
comprise strains from different CCs, and with the exception of the two serogroup W-135 strains split between GG-II and GG-III and the serogroup B
strain DE8638, GGs always comprise strains from the same serogroup. However, no two strains have exactly the same gene content (see also Figure 1
for the functional profile of genes differently present among otherwise identical pairs of strains). Right below the virtual array, the spotted genes are
color coded according to the source genome (representing the genomes of strain Z2491, MC58, FAM18 and a14), and the presence of putatively
mobile DNA is depicted below with IHT-B, IHT-C, IHT-E as well as the l prophage denoted as B, C, E and l, respectively, in the respective lanes
(Abbreviations: IHT, island of horizontal transfer; W: prophage; MME, minimal mobile element). At the lower margin, the FDR for the association with
hyperinvasive lineages is color coded for each gene with genes having a FDR,0.05 depicted in blue.
doi:10.1371/journal.pone.0018441.g002
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relatively stably associated to ST-60 CC and ST-22 CC (Figure 2
and 3 A). Strain a275 as a typical representative of W-135 strains
from healthy carriers (ST-22 CC) [1] takes an intermediate
position between serogroup Y and 29E and reflects a common
descent of lineages expressing these serogroups. In all events, LGT
of region A genes seems to have played a decisive role, and it was
accordingly shown that this region is indeed part of a MME [26].
Association between meningococcal gene content and
pathogenicity
With respect to gene content differences, there was no
significant association between the presence of certain virulence-
associated genes and the source of the strain, i. e., whether it was
isolated from a healthy carrier or from a case of invasive
meningococcal disease. Although 64 of the 98 candidate virulence
genes represented on the microarray were present in all
meningococcal strains, some of the remaining 34 genes were
differentially distributed between strains belonging to hyperinva-
sive lineages and carriage strains (see Figure S2). In particular, in
line with previous findings [9] we found a significant association
between genes located on Nf prophages and hyperinvasive
lineages comprising, alongside Nf1/MDA genes coding mostly
for hypothetical proteins, also Nf2-located genes including the
gene coding for a zonula occludens toxin (zot)-like protein
(Table 2). Furthermore, there is also a significant association
between the hyperinvasive lineages and the genomic island IHT-E
which predominantly encodes for proteins with poorly defined
functions. Finally, we also found a significant association between
hyperinvasive lineages and the presence of genes located on IHT-
B including two genes that code for alternative TpsA C-terminal
cassettes. TPS systems are composed of a secreted TpsA proteins
and its cognate transporter TpsB [34], and TpsA proteins are
translocated across the meningococcal outer membrane by their
cognate transporters TpsB. Since it was recently shown that TpsA
contributes to the interaction of meningococci with epithelial cells,
differences in the repertoire of TpsA proteins are expected to result
in differences in the interaction with host cells [35]. The eight GG-
II and GG-III strains which comprise only carriage strains all lack
a Nf1-encoded TspB gene and most lack also all three TpsA genes,
TonB-dependent receptor genes as well as genes for FrpA/C
activating enzymes. In contrast to these potential virulence-
associated genes, the two ‘‘clustered regularly interspaced short
palindromic repeats’’ (CRISPR)-associated genes cas1 and cas2 are
significantly associated with carriage strains in the sample
population. In many bacteria and archaea, these hypervariable
loci take up genetic material from invasive elements and build up
inheritable DNA-encoded immunity over time by targeting virus
or plasmid nucleic acid in a sequence-specific manner [36].
Comparative genome hybridization also allowed the identifica-
tion of genes that are shared only among the pathogenic
representatives of a particular GG. For example, GG-VII
comprises five strains from hyperinvasive lineages as well as strain
a522 from the non-hyperinvasive lineage ST-35 which is a three
locus variant of ST-32. Compared to the other strains in this
group, a522 lacks at least 25 genes that are primarily located on
IHT-B and –C, suggesting that this strain might have lost
substantial parts of these IHTs (Figure 2 and Table S4). In
particular, a522 lacks three genes that encode hemagglutinin/
hemolysin-related proteins which belong to TPS systems (TpsA1/
NMB0493, TpsA2/NMB1768 and TpsB2/NMB1762) [37], thus
emphasizing again the importance of TPS proteins for meningo-
coccal virulence. In addition, strain a522 also lacks a FrpA/C-like
protein on RTX island I [37] as well as genes located on the
prophage Nf2-B3 [27] coding for the putative virulence factor
TspB [9] and a zot-like protein. Also the content of the pheS/pheT
locus differs between a522 and the other five strains in GG-VII,
suggesting that the encoded type II restriction-modification system
might limit gene exchange between a522 and the other strains and
therefore contribute to the genetic differentiation observed in GG-
VII.
Recombination within the core genome
To assess the impact of homologous recombination on the
meningococcal core genome we used the annotated (draft) genome
sequences of seven strains from the sample population (Table 1).
We analyzed a subset comprising 1092 of the 1139 core genes
identified via mCGH that were also present and annotated in the
seven (draft) genomes, and we found that 459 core genes (39.6%)
have detectable signs of recombination using the pairwise
homoplasy index Ww [38] (Table S5). In line with their supporting
role in DNA uptake and recombination in neisserial species,
significantly more core genes with DUSs than core genes lacking
DUSs showed signs of recombination (OR=1.70, CI0.95=[1.22,
2.37], p=0.0011, Fisher’s exact test), and compared to the
accessory genome the meningococcal core genome is enriched for
DUS containing genes (OR=1.93, CI0.95=[1.34, 2.81], p,0.001,
Fisher’s exact test). Remarkably, the distribution of core genes with
and without signs of recombination among the different functional
classes according to the COG classification scheme is significantly
different (p,0.001, x
2 test). The recombining core genes are
enriched for metabolic functions (p,0.01, Fisher’s exact test) and
accordingly are more often located in the cytoplasm (p,0.001,
Fisher’s exact test). Almost all metabolic pathways are affected by
recombination, including the major pathways for energy conver-
sion. These include enzymes involved in five of the seven steps
required for the conversion of a-D-Glucose-6-phosphate (a-D-
Glu-6-P) into phosphoenolpyruvate in gluconeogenesis/glycolysis,
four of the ten enzymes of the citric acid cycle (TCA), all enzymes
involved in the conversion of a-D-Glu-6-P into D-Glycerinalde-
hyde-3-phosphate via the pentose phosphate pathway, and seven
of the 14 subunits of the NADH dehydrogenase. Likewise, also
numerous genes involved in replication, recombination and repair
of DNA showed signs for recombination. In particular, recombi-
nation in genes which are involved in homologous recombination
such as recA and recD might feedback on the ability of the respective
strain to properly incorporate foreign DNA which might in turn
also affect the strains’ genetic stability and evolvability. Table 3
Figure 3. Comparison of strain clustering based on mCGH and MLST. A) Neighbor-net representation of gene distances based on the
distribution of genes from the accessory genome. Strain names as well as the defining splits having a bootstrap support of greater than 85% are
printed in the same colors as in Figure 2. Clustering based on gene content distance and maximum parsimony results in the same eight genome
groups. Serogroup B and C strains as well as the two cnl strains are separated from the other four serogroups based on gene content, and the cycles
within the serogroup B/C subgraph indicate a high rate of gene transfer among these strains. Strains from the same CC always reside on common
splits. B) Neighbor-net representation based on the concatenated alignments of the seven housekeeping gene fragments form the meningococcal
core genome used for MLST comprising 383 parsimony informative sites. A MLSA-based clustering of strains results in the separation of strains from
the same serogroup or belonging to the same GGs. The large number of cycles in the graph indicates a high rate of homologous recombination
among the genes used for MLST and that a MLSA-based reconstruction of the deep phylogeny of these strains is not possible.
doi:10.1371/journal.pone.0018441.g003
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are involved in basic biological processes.
Discussion
To investigate the genomic basis of virulence, mCGH analyses
of isolates from patients and healthy carriers are particularly useful
for pathogens for which a suitable animal model of disease is
lacking such as for N. meningitidis [39]. Consequently, meningo-
coccal mCGH studies have already provided valuable insights into
the genetic basis of virulence in this accidental pathogen
[9,16,17,18]. However, all these studies have some shortcomings
with respect to the set of genes represented on the microarray, the
breadth of the population genetic data provided along with the
mCGH results, or the size and composition of the sample
population. Here, we used a temporally and spatially well defined
sample of the meningococcal population and provide MLST data
for all strains analyzed to allow for a thorough comparison with
the mCGH results. In addition, the microarray used to generate
the mCGH data included genes from encapsulated serogroup A, B
and C strains as well from the un-encapsulated strain a14. To
systematically estimate the impact of recombination on the
composition of the meningococcal core as well as accessory
genomes, we further combined mCGH analyses with sequence-
based computational approaches.
Mobile genetic elements and the evolution of the
meningococcal gene-pool
Our data indicate that MGEs and in particular bacteriophages
have a major impact on population structure and virulence
evolution in N. meningitidis thus confirming and extending previous
findings by Hotopp et al.(2006) [16] and Bille et al.(2005) [9]. This is
supported by the finding (i) that the presence of a l-like prophage or
the derived genomic island IHT-E [16] splits the sample population
into two major groups, one comprising GG-I and GG-V–GG-VIII
and the other comprising GG-II–GG-IV (Figure 2 and 3A), and (ii)
that certain genes located at CRISPR loci are more often found in
Table 2. Genes significantly associated with hyperinvasive lineages.
Gene Function
(1) OR
(2) 95%-CI
(3) p
(4)
IHT-B
NMB0369 Conserved protein with hedgehog/intein (Hint) domain n. d.
(5) 3.82 - ‘ 0.008
NMB0502 TpsA C-terminal cassette TpsS3 n. d. 3.82 - ‘ 0.009
NMB0506 TpsA C-terminal cassette TpsS4 14.33 1.96 - 189.05 0.041
NMB0508 Conserved hypothetical protein 14.33 1.96 - 189.05 0.042
Phage l/IHT-E
NMB0899 Phage associated conserved protein 20.32 2.62 - 287.23 0.014
NMB0900 Putative KilA-N domain-containing protein 31.6 3.64 - 523.63 0.009
NMB0901 Conserved hypothetical protein 20.32 2.62 - 287.23 0.014
NMB0903 Conserved hypothetical cytoplasmic protein 20.32 2.62 - 287.23 0.015
NMB0904 Hypothetical periplasmic protein 20.32 2.62 - 287.23 0.016
NMB0906 Phage associated conserved protein 20.32 2.62 - 287.23 0.017
NMB0907 Conserved hypothetical protein 20.32 2.62 - 287.23 0.018
NMB0910 Putative phage HTH-type transcriptional regulator 20.32 2.62 - 287.23 0.019
NMB0916 Putative membrane protein (fragment) 20.32 2.62 - 287.23 0.020
Nf1 phages
NMB1543 Putative phage replication initiation factor 20.32 2.62 - 287.23 0.021
NMB1544 Conserved hypothetical protein 41.48 3.87 - 2316.04 0.009
NMB1545 Hypothetical cytoplasmic protein 41.48 3.87 - 2316.04 0.011
NMB1546 Hypothetical integral membrane protein 41.48 3.87 - 2316.04 0.013
NMB1547 Hypothetical integral membrane protein 41.48 3.87 - 2316.04 0.018
NMB1550 Hypothetical integral membrane protein 29.64 2.88 - 1603.74 0.018
NMB1630 Hypothetical integral membrane protein 41.48 3.87 - 2316.04 0.026
Nf2 phages
NMB1749 Putative zonular occludens toxin-like protein n. d. 3.10 - ‘ 0.013
NMB1750 Putative pilin gene-inverting protein (PIVML) n. d. 4.00 - ‘ 0.010
CRISPR locus
NMO0346 CRISPR-associated protein Cas2 0.07 0.01 - 0.50 0.044
NMO0347 CRISPR-associated protein Cas1 0.05 0.00 - 0.38 0.023
(1)The functional annotation was taken from the NeMeSys database [69].
(2)Odds ratio of a Fisher’s exact test.
(3)95%-confidence interval of the respective odds ratio.
(4)P-values were computed upon the simultaneous comparison of 1679 genes using Fisher’s exact test with the Benjamini-Hochberg multiple testing correction.
(5)n. d., not defined.
doi:10.1371/journal.pone.0018441.t002
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Gene
(1) Function
(2) Pathway/Category
(Trace) element acquisition and coenzyme metabolism
bioA Adenosylmethionine-8-amino-7-oxononanoate aminotransferase Biotin
bioD Aethiobiotin Biotin
folC Bifunctional tetrahydrofolate and dihydrofolate synthase Folic acid
hemA Glutamyl-tRNA reductase Heme, porphyrin
hemB Delta-aminolevulinic acid dehydratase Heme, porphyrin
fetB Enterobactin uptake system binding lipoprotein FetB Iron acquisition
fetE Putative ferric enterobactin uptake system ATP-binding protein FetE Iron acquisition
nicB Quinolinate synthetase B protein Nicotinamide adenine dinucleotide
pdxJ Pyridoxal phosphate biosynthetic protein PdxJ Pyridoxine
ribD Riboflavin biosynthesis protein RibD Riboflavin, FAD/FMN
ribF Riboflavin biosynthesis protein Riboflavin, FAD/FMN
metK S-adenosylmethionine synthetase S-Adenosyl methionine biosynthesis
cysA Sulfate/thiosulfate import ATP-binding protein CysA Sulphur acquisition
cysT Sulfate transport system permease protein CysT Sulphur acquisition
cysW Sulfate transport system permease protein CysW Sulphur acquisition
Conversion of biological energy
eno Enolase (2-phosphoglycerate dehydratase) Glycolysis
fba Fructose-bisphosphate aldolase Glycolysis
fbp Fructose-1,6-bisphosphatase Glycolysis
gapA Glyceraldehyde 3-phosphate dehydrogenase A Glycolysis
pgi-1/-2 Glucose-6-phosphate isomerase 1/2 Glycolysis
pgk Phosphoglycerate kinase Glycolysis
pgm Phosphoglucomutase Glycolysis
pykA Pyruvate kinase II Glycolysis
nuoC NADH-quinone oxidoreductase chain C Oxidative phosphorylation
nuoD NADH-quinone oxidoreductase chain D Oxidative phosphorylation
nuoE NADH-quinone oxidoreductase chain E Oxidative phosphorylation
nuoF NADH-quinone oxidoreductase chain F Oxidative phosphorylation
nuoH NADH-quinone oxidoreductase chain H Oxidative phosphorylation
nuoJ NADH-quinone oxidoreductase chain J Oxidative phosphorylation
nuoN NADH-quinone oxidoreductase chain N Oxidative phosphorylation
tktA Transketolase (TK) Pentose phosphate pathway
fumA Fumarate hydratase class I TCA cycle
fumC Fumarate hydratase class II TCA cycle
lpdA Dihydrolipoyl dehydrogenase TCA cycle
Maintenance and replication of biological information
mutY A/G-specific adenine glycosylase Base excision repair
tag DNA-3-methyladenine glycosylase I Base excision repair
ung Uracil-DNA glycosylase Base excision repair
dnaB Replicative DNA helicase DNA replication
rnhB Ribonuclease HII (RNase HII) DNA replication
ligA-1 DNA ligase DNA replication and repair
dnaQ DNA polymerase III epsilon subunit DNA replication, mismatch repair
dnaZX DNA polymerase III tau/gamma subunits DNA replication, mismatch repair
recA RecA protein (recombinase A) Homologous recombination
recD Exodeoxyribonuclease V alpha chain Homologous recombination
recG ATP-dependent DNA helicase RecG Homologous recombination
ruvA Holliday junction DNA helicase RuvA Homologous recombination
ruvB Holliday junction DNA helicase RuvB Homologous recombination
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often found in hyperinvasive lineages (Table 2). However, the
possible contributionofthe integratedprophagestothefitnessofthe
transduced strain is poorly understood and might in fact be different
for different prophages. For example, it has recently been shown by
mathematical modeling that horizontally acquired genes can persist
for a long time in a substantial fraction of individuals in the
population even when they are neutral or slightly deleterious [40].
Therefore many prophages found in the meningococcal genomes
such as the abundant Mu-like prophages might constitute merely
parasitic DNA. Alternatively, some prophages such as the Nf1/
MDA prophage might confer a fitness advantage as they might act
as mutators on meningococcal chromosome structure [14,27] and
thereby increase the genetic variability of the meningococcal
population. This increase in genetic variability can be selected for
during adaptation via second-order selection [41] and can result in
an improved adaptability of the transduced bacteria [42]. However,
the possible contribution of (pro)phages to meningococcal fitness
and virulence awaits further experimental investigation.
In addition to the integration of prophages into the genomes,
lateral transfer of MMEs also contributes substantially to
meningococcal gene-complement diversity, and about one-third
of the strain-specific genes and half of the genes that are
specifically present in only one of the eight GGs are located on
(c)MMEs (Table S2). Their high mobility is witnessed by the fact
that even strains from the same ST differ in their complement of
(c)MMEs (Table S3). Since it has recently been suggested that
MMEs are involved in LGT in Neisseria and in other bacterial
species [26], we hypothesize that lateral transfer of MMEs genes
from bacterial species residing in the human nasopharynx might
contribute to gene complement differences among different
meningococcal strains. Whole-genome sequences from larger
meningococcal strain collections in conjunction with ongoing
metagenomic efforts will allow assessing the extent of LGT
between meningococci and other species of the human nasopha-
ryngeal mircobiome [43].
Meningococcal population structure as revealed by
mCGH studies
Given the differences in the microarray platforms used, the
differences in the breadth of strains examined and dissimilar
analysis methods, it is quite remarkable that grouping of strains
based on gene content in this study resulted in clusters similar to
the ones found by Hotopp et al. (2006) [16] which is so far the most
comprehensive study with respect to the number of strains
investigated via mCGH (n=48). In particular, comparison of
the mCGH groupings of the three strains FAM18, MC58, and
Z2491 that were included in both studies allowed to correlate
mCGH group mCGH-2 defined by Hotopp et al. (2006) with
GG-IV, mCGH-3 with GG-VIII and mCGH-5 with GG-VII,
respectively. Similar to GG-IV, mCGH-2 comprises almost
exclusively serogroup A strains whereas mCGH-3 as well as
GG-VIII comprise exclusively serogroup C strains and mCGH-5
like GG-VII comprehends only serogroup B strains, respectively.
Based on the mCGH groups for those 22 strains for which Hotopp
et al. (2006) provide MLST data, both studies also demonstrate a
similar clustering of CCs into groups based on gene content. For
example, almost all ST-41/-44 CC strains cluster together and
likewise all ST-8 and ST-11 CC strains. Given the high genome
variability of meningococci as well as the differences with respect
to time of isolation and geographical spread, both strain collections
therefore show a remarkably similar population structure. This
suggests (i) that meningococcal population structure can be
reproducibly analyzed via mCGH, and (ii) that genetic structuring
might be quite stable over time and highly similar for samples
taken from different geographic regions.
Recombination and virulence in N. meningitidis
Evolutionary pressures exerted by the host on bacterial proteins
important for virulence are often computationally quantified by the
ratio of substitution at non-synonymous (dN) and synonymous sites
(dS) (e. g. [44]). However, it was recently shown that dN/dS is time
dependent for closely related bacterial genomes [45] and that it
might even be impossible to infer selection pressures from such data
for population samples from the same species [46]. Therefore, to
identify proteins involved in meningococcal pathogenesis, the
analysis of recombination signals in protein coding genes might
provide an alternative approach since genomic regions coding for
proteins with a role in pathogenicity were recently suggested to
exhibit high rates of recombination [47]. As demonstrated in the
preceding sections, recombination has indeed a pervasive effect on
the meningococcal core genome with about 40% of the genes
investigatedshowing signsof(intragenic)recombination.The finding
that recombinant genes are enriched for genes coding for metabolic
functions would further imply that in N. meningitidis differences in
metabolism might contribute to virulence. This hypothesis is
supported by recent epidemiological findings showing that via small
differences in metabolic efficiency, co-adapted combinations of
housekeeping gene alleles are associated with differences in
meningococcal transmission fitness [48]. Such small differences in
transmission fitness were suggested to increase the diseases incidence
caused bythe respective strains[49],thusimparting a centralrolefor
housekeeping genes in meningococcal virulence. In line with this
hypothesis, we found that, e.g., seven of the 14 genes encoding the
subunits of the meningococcal NADH dehydrogenase (quinone)
complexhavesignsforintragenicrecombination(Table3).Sincethis
multi protein complex catalyses a key step in oxidative phosphor-
ylation, it is conceivable that sequence differences in this multi
protein complex might affect the in vivo fitness and therefore
virulence differences among different CCs.
Our computational approach, however, provides only a lower
estimate for the genome-wide impact of homologous recombina-
Gene
(1) Function
(2) Pathway/Category
ruvC Crossover junction endodeoxyribonuclease RuvC Homologous recombination
uvrD DNA helicase II Mismatch and base excision repair
xseB Exodeoxyribonuclease VII small subunit Mismatch repair
(1)Gene abbreviations are based on the respective KEGG entries.
(2)The functional annotation was taken from the NeMeSys database [69].
doi:10.1371/journal.pone.0018441.t003
Table 3. Cont.
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reasons: (i) only seven meningococcal genomes were compared
and it is likely that with increasing numbers of sequenced genomes
also the percentage of genes positively tested for recombination
will increase [38]; (ii) as the power to detect recombination
increases as a function of sequence length [50] pre-processing of
alignments as performed in this study further decreases the
sensitivity to detect intragenic recombination; (iii) for large data
sets multiple testing corrections further erode statistical power to
the point that even relatively obvious recombination signals might
be missed [51]; and finally (iv) recombination is not detectable in
genes under strong purifying selection which purges any sequence
variation required for the detection of intragenic recombination by
most algorithms.
In line with previous findings by others [34,52], our data suggest
that, in addition to recombination-mediated differences in a large
number of housekeeping loci within the core genome, genetic
differences among hyperinvasive and non-hyperinvasive CCs
likely comprise also different repertoires and allelic profiles of
RTX toxin- and TPS protein-encoding genes (Table 2 and Table
S4). Together with differences among strains in the repertoire of
surface adhesins [13] and in the presence of chromosomally
integrated Nf1/MDA prophages [9], these data re-emphasize and
support the concept of a polygenic nature of meningococcal
virulence.
Materials and Methods
Bacterial strains and sample preparation
The 16 carriage strains analyzed in this study were taken from
the Bavarian carriage strain collection described in [1] whereas the
ten contemporary disease isolates were from the strain collection of
the NRZM (Wu ¨rzburg, Germany) (Table 1). Strain selection was
guided by the following criteria: (i) the selected strains should cover
the most prevalent CCs found among carriers and disease cases as
identified by MLST; (ii) wherever possible the founder ST was
chosen for each CC according to the Neisseria MLST database
(http://pubmlst.org/neisseria/) [53]; (iii) based on the epidemio-
logical data for the CCs a carriage or disease strain or both were
chosen to represent the respective complex; (iv) for each of the six
serogroups represented in the data set at least two isolates from
different CCs were chosen including also two capsule null locus
(cnl) strains; and (v) strains MC58, Z2491 and FAM18 for which
whole genome sequences were available were also included to
complement the data from the mCGH experiments with data
from computational genome comparisons.
Computational analyses of MLST data
Alleles of the seven housekeeping genes abcZ, adk, aroE, fumC,
gdh, pdhC and pgm, sequence types, and clonal complexes were
assigned on the basis of the Neisseria MLST database. CLONAL-
FRAME version 1.1 [54] was used for grouping strains based on the
sequences of individual genes. From the results of 10 independent
runs with 100.000 iterations each and a burn-in period of 100.000
a 50% majority rule consensus tree was computed and visualized
as a dot graph. Based on the alignments of the concatenated
MLST gene fragments comprising 3284 sites with 383 parsimony
informative sites SplitsTree4 [55] was used to construct a
neighbor-net [56]. With jModelTest [57] the GTR+I+C model
of nucleotide substitution was inferred from this data set using the
‘‘Bayesian information criterion’’ (BIC) with 6 rate categories, the
proportion of invariable sites p-inv=0.75 and the shape parameter
of the C distribution a=0.52 to model rate heterogeneity among
sites. To assess the presence of recombination in the individual
MLST loci we used the pairwise homoplasy index Ww as
implemented in the software PhiPack [38] as it was shown to
reliably detect recombination even in the presence of substitution
rate heterogeneity. DnaSP version 4 [58] was used to calculate
Tajima’s D [59], the pairwise nucleotide diversities (p) as well as
the gene wise population recombination (r) [60] and mutation (h)
rates, respectively, and to detect genetic differentiation of
subpopulations by calculating Ks* and Z* [61] as well as Snn
[62] statistics with 1000 replicates to assess statistical significance
in the permutation test. The latter three statistics were shown to be
most powerful for small sample sizes and in the presence of
recombination [61,62]. RDP3 [63] was used for confirmation of
recombination signals within MLST gene alignments.
Microarray hybridization and data processing
For mCGH analyses, chromosomal DNA was isolated from
bacteria grown in 5 ml of Proteose Peptone Medium supplement-
ed with 1% Polyvitex (Biomereux) (PPM+) using QIAGEN
Genomic-tip 20/G (Qiagen, Hilden, Germany). Aliquots of all
genomic DNAs to be tested were pooled to form the common
reference, 4 mg of test DNA was labeled with Cy3 dCTP (GE
healthcare, Munich, Germany) and 4 mg of reference DNA was
labeled with Cy5 dCTP (GE healthcare, Munich, Germany) using
Klenow Enzyme as described in [20]. The 70mer oligonucleotide-
based microarrays representing the genomes of the meningococcal
strains a14 [14], FAM18 [12], MC58 [64] and Z2491 [65],
respectively, were pre-hybridized according to the manufacturer’s
protocols (Schott AG, Germany). Labeled DNAs were hybridized
onto the microarray slides using a Tecan HS 4800
TM Pro
hybridization station (Tecan Deutschland GmbH, Crailsheim,
Germany). Three microarrays were performed for each probe.
The slides were scanned using Genepix 4200 and the raw data files
were extracted using Genepix Pro 4.0. Spots were flagged in
obvious instances of high background or stray fluorescent signals.
Hybridization data were further processed using VSN normaliza-
tion and Limma [66] implemented in the R language [67]. The
normalized intensities were used for absence/presence prediction
of individual genes as described in [20]. Since the microarray was
originally designed for transcriptome analyses post-processing of
mCGH hits was carried out as described in Schwarz et el. (2010)
[20] to further improve the signal-to-noise ratio. This allowed for
the simultaneous assessment of the presence of 1679 genes with an
overall accuracy of 98%, a type I error rate of 5% and a type II
error rate of 1% [20]. All comparative genome hybridization data
is MIAME compliant and the raw data has been deposited in the
Gene Expression Omnibus (GEO) database under accession
number GSE18078.
Computational analyses of mCGH data
The functional classification of core, distributed and strain-
specific genes as identified by mCGH was based on the COG
classification scheme [68]. CAI values, GC content and the
assignments of the subcellular localization of encoded proteins
were taken from the NeMeSys database [69]. MMEs and
candidate (c)MMEs were identified based on the criteria given in
[26,70], and the phage designations for strains a14, FAM18,
MC58 and Z2491 were taken from [12,14,27,64,65,71]. Genomic
regions that showed an atypical low GC content and that did not
display the hallmark features of MMEs, canonical genomic islands
[72] or bacteriophages were classified as islands of horizontal
transfer according to [64].
For strain clustering based on gene content, maximum
parsimony was used as implemented in Paup* 4.0 [73] with the
heuristic tree search option and the DELTRAN option for
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network using the neighbour-net algorithm [56], pairwise genome
distances were computed based on gene content using SplitsTree4
[55]. To assess the statistical robustness of the phylogenetic
reconstructions, bootstrap analyses were performed with 1000
resampling steps.
For each gene, Fisher’s exact test with the Benjamini-Hochberg
(BH) multiple testing correction [74] was used to test for a possible
association with hyperinvsive and carriage lineages, respectively.
Genome-wide screen for intragenic recombination in
core genes
Annotated .gbk files of N. meningitidis strains FAM18 (AM421808)
[12], MC58 (AE002098) [64] and Z2491 (AL157959) [65] (Table 1)
were downloaded via ftp from the National Center for Biotechnology
Information database (http://www.ncbi.nlm.nih.gov/genomes/
lproks.cgi). The annotated genome sequences of N. meningitidis strains
a14 (AM889136) [14], a153 (AM889137) [14], a275 (AM889138)
[14] and a710 (CP001561) were taken from the in-house GenDB
[75] database. Orthologous proteins were operationally identified as
bidirectional best hits [76] with more than 50% amino acid sequence
identity over at least 50% of the query sequence length, and for all
groups of orthologous proteins we consecutively used a combination
of MUSCLE [77], RevTRans [78] and Gblocks [79] to obtain gap-
free codon-based nucleotide sequence alignments of the respective
genes. The genomes of strains a153 and a275 were sequenced to on
average 86coverage by Sanger sequencing as described in [14], and
the resulting 87 and 133 non-overlapping contigs, respectively, were
pasted together into a pseudochromosome in random order with the
sequence 59-CTAGCTAGCTAG-39 used as spacer that generates a
stop codon in all six reading frames. Therefore, the draft-genome
sequences of these two strains do not cover the entire chromosomes,
and the computational analyses could thus only be performed on a
subset of 1092 of the 1139 genes (95.9%) that were found by mCGH
to be present on all 29 strains. Since BIC based model inference
further indicated mutation rate heterogeneity in the concatenated
MLST gene data set comprising the entire set of 29 strains as outlined
above, we calculated Ww using PhiPack [38] to screen for signs of
intragenic recombination in the 1092 processed sequence alignments.
Correction for multiple testing was performed using the procedure
reported by Benjamini and Hochberg [74] to control the false
discovery rate (FDR), and FDR values below 0.05 were used as
indicativeforthepresenceofrecombination.Forasampleof50genes
given in Table 3 the presence of recombination in the respective
alignments was also manually confirmed using RDP3 [63].
Supporting Information
Figure S1 Genetic structure of the sample population based on
MLST. Dot graph representation based on a majority rule
consensus tree of the seven housekeeping gene fragments form the
meningococcal core genome used for MLST calculated with
CLONALFRAME. Based on the sequence in housekeeping genes
genomic groups as defined by mCGH are torn apart such as GG-
II (dark green), GG-III (light blue) or GG-V (mauve). Likewise,
also strains from the same serogroup such as 29E, W-135 or Y do
not cluster.
(TIF)
Figure S2 Distribution of surface and virulence-associated
proteins. Only surface and virulence-associated proteins are shown
that are variably present among the 29 meningococcal strains
compared. The respective genes were taken from recent
compilations given in refs. [14,84].
(TIF)
Table S1 Overview of the important population genetic data of
the sample population.
(DOC)
Table S2 Genes specifically present or absent in only one
genome group.
(DOC)
Table S3 Genes differently distributed between pairs of strains
from the same ST.
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Table S4 Genes specific for strains from hyperinvasive lineages
within GG-VI.
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Table S5 Core genes of the sample population with significant
evidence for recombination in the WW statistic.
(DOC)
Acknowledgments
The authors thank Anja Schramm-Glu ¨ck as well as Kathrin Engelhard for
expert technical assistance and Gabriele Gerlach for critical reading of the
manuscript.
Author Contributions
Conceived and designed the experiments: AG CS MF TM UV. Performed
the experiments: BJ BL HC JB RFS. Analyzed the data: BJ CS RFS. Wrote
the manuscript: CS UV MF. Generated the microarrays: AB.
References
1. Claus H, Maiden MC, Wilson DJ, McCarthy ND, Jolley KA, et al. (2005)
Genetic analysis of meningococci carried by children and young adults. J Infect
Dis 191: 1263–1271.
2. Yazdankhah SP, Kriz P, Tzanakaki G, Kremastinou J, Kalmusova J, et al.
(2004) Distribution of serogroups and genotypes among disease-associated and
carried isolates of Neisseria meningitidis from the Czech Republic, Greece, and
Norway. J Clin Microbiol 42: 5146–5153.
3. Stephens DS, Greenwood B, Brandtzaeg P (2007) Epidemic meningitis,
meningococcaemia, and Neisseria meningitidis. Lancet 369: 2196–2210.
4. Frosch M, Vogel U (2006) Structure and genetics of the meningococcal capsule.
In: Frosch M, Maiden MC, eds. Handbook of Meningococcal Disease.
Weinheim, Germany: Wiley-VCH. pp 145–162.
5. Harrison LH, Trotter CL, Ramsay ME (2009) Global epidemiology of
meningococcal disease. Vaccine 27 Suppl 2: B51–63.
6. Roberts L (2008) Infectious disease. An ill wind, bringing meningitis. Science
320: 1710–1715.
7. Caugant DA, Maiden MCJ (2009) Meningococcal carriage and disease -
Population biology and evolution. Vaccine 27: B64–B70.
8. Schoen C, Tettelin H, Parkhill J, Frosch M (2009) Genome flexibility in
Neisseria meningitidis. Vaccine 27: B103–B111.
9. Bille E, Zahar JR, Perrin A, Morelle S, Kriz P, et al. (2005) A chromosomally
integrated bacteriophage in invasive meningococci. J Exp Med 201: 1905–1913.
10. Maiden MC (2006) Multilocus sequence typing of bacteria. Annu Rev Microbiol
60: 561–588.
11. Brehony C, Jolley KA, Maiden MC (2007) Multilocus sequence typing for global
surveillance of meningococcal disease. FEMS Microbiol Rev 31: 15–26.
12. Bentley SD, Vernikos GS, Snyder LA, Churcher C, Arrowsmith C, et al. (2007)
Meningococcal Genetic Variation Mechanisms Viewed through Comparative
Analysis of Serogroup C Strain FAM18. PLoS Genet 3: e23.
13. Joseph B, Schneiker-Bekel S, Schramm-Gluck A, Blom J, Claus H, et al. (2010)
Comparative genome biology of a serogroup B carriage and disease strain
supports a polygenic nature of meningococcal virulence. J Bacteriol 192:
5363–5377.
14. Schoen C, Blom J, Claus H, Schramm-Gluck A, Brandt P, et al. (2008) Whole-
genome comparison of disease and carriage strains provides insights into
virulence evolution in Neisseria meningitidis. Proc Natl Acad Sci U S A 105:
3473–3478.
15. Bille E, Ure R, Gray SJ, Kaczmarski EB, McCarthy ND, et al. (2008)
Association of a bacteriophage with meningococcal disease in young adults.
PLoS ONE 3: e3885.
Population Genomics of N. meningitidis
PLoS ONE | www.plosone.org 12 April 2011 | Volume 6 | Issue 4 | e1844116. Hotopp JCD, Grifantini R, Kumar N, Tzeng YL, Fouts D, et al. (2006)
Comparative genomics of Neisseria meningitidis: core genome, islands of
horizontal transfer and pathogen-specific genes. Microbiology 152: 3733–3749.
17. Stabler RA, Marsden GL, Witney AA, Li Y, Bentley SD, et al. (2005)
Identification of pathogen-specific genes through microarray analysis of
pathogenic and commensal Neisseria species. Microbiology 151: 2907–2922.
18. Perrin A, Bonacorsi S, Carbonnelle E, Talibi D, Dessen P, et al. (2002)
Comparative Genomics Identifies the Genetic Islands That Distinguish Neisseria
meningitidis, the Agent of Cerebrospinal Meningitis, from Other Neisseria
Species. Infect Immun 70: 7063–7072.
19. Vogel U, Schoen C, Elias J (2010) Population genetics of Neisseria meningitidis.
In: Robinson DA, Falush D, Feil EJ, eds. Bacterial population genetics in
infectious disease. Hoboken, N. J.: John Wiley & Sons. pp 247–267.
20. Schwarz R, Joseph B, Gerlach G, Schramm-Gluck A, Engelhard K, et al. (2010)
Evaluation of one- and two-color gene expression arrays for microbial
comparative genome hybridization analyses in routine applications. J Clin
Microbiol 48: 3105–3110.
21. Hartl DL, Clark AG (2007) Principles of population genetics: Sinauer Associates.
22. Vos M, Didelot X (2009) A comparison of homologous recombination rates in
bacteria and archaea. ISME J 3: 199–208.
23. Pe ´rez-Losada M, Browne EB, Madsen A, Wirth T, Viscidi RP, et al. (2006)
Population genetics of microbial pathogens estimated from multilocus sequence
typing (MLST) data. Infect Genet Evol 6: 97–112.
24. Caugant DA, Tzanakaki G, Kriz P (2007) Lessons from meningococcal carriage
studies. FEMS Microbiol Rev 31: 52–63.
25. Medini D, Donati C, Tettelin H, Masignani V, Rappuoli R (2005) The
microbial pan-genome. Curr Opin Genet Dev 15: 589–594.
26. Snyder LA, McGowan S, Rogers M, Duro E, O’Farrell E, et al. (2007) The
repertoire of minimal mobile elements in the Neisseria species and evidence that
these are involved in horizontal gene transfer in other bacteria. Mol Biol Evol
24: 2802–2815.
27. Kawai M, Uchiyama I, Kobayashi I (2005) Genome comparison in silico in
Neisseria suggests integration of filamentous bacteriophages by their own
transposase. DNA Res 12: 389–401.
28. Swartley JS, Marfin AA, Edupuganti S, Liu LJ, Cieslak P, et al. (1997) Capsule
switching of Neisseria meningitidis. Proc Natl Acad Sci U S A 94: 271–276.
29. Vogel U, Claus H, Frosch M (2000) Rapid serogroup switching in Neisseria
meningitidis. N Engl J Med 342: 219–220.
30. Beddek AJ, Li MS, Kroll JS, Jordan TW, Martin DR (2009) Evidence for
capsule switching between carried and disease-causing Neisseria meningitidis
strains. Infect Immun 77: 2989–2994.
31. Harrison LH, Shutt KA, Schmink SE, Marsh JW, Harcourt BH, et al. (2010)
Population structure and capsular switching of invasive Neisseria meningitidis
isolates in the pre-meningococcal conjugate vaccine era–United States, 2000–
2005. J Infect Dis 201: 1208–1224.
32. Claus H, Matsunaga W, Vogel U (2010) Molecular discrimination between
Neisseria meningitidis serogroups W-135 and Y based on the nucleotide
recognition domain sequence of the capsule polymerases. J Clin Microbiol 48:
3459–3460.
33. Claus H, Stummeyer K, Batzilla J, Muhlenhoff M, Vogel U (2009) Amino acid
310 determines the donor substrate specificity of serogroup W-135 and Y
capsule polymerases of Neisseria meningitidis. Mol Microbiol 71: 960–971.
34. van Ulsen P, Rutten L, Feller M, Tommassen J, van der Ende A (2008) Two-
partner secretion systems of Neisseria meningitidis associated with invasive
clonal complexes. Infect Immun 76: 4649–4658.
35. Schmitt C, Turner D, Boesl M, Abele M, Frosch M, et al. (2007) A functional
two-partner secretion system contributes to adhesion of Neisseria meningitidis to
epithelial cells. J Bacteriol 189: 7968–7976.
36. Horvath P, Barrangou R (2010) CRISPR/Cas, the immune system of bacteria
and archaea. Science 327: 167–170.
37. van Ulsen P, Tommassen J (2006) Protein secretion and secreted proteins in
pathogenic Neisseriaceae. FEMS Microbiol Rev 30: 292–319.
38. Bruen TC, Philippe H, Bryant D (2006) A simple and robust statistical test for
detecting the presence of recombination. Genetics 172: 2665–2681.
39. Coppe ´e JY (2008) Do DNA microarrays have their future behind them?
Microbes Infect 10: 1067–1071.
40. Novozhilov AS, Karev GP, Koonin EV (2005) Mathematical modeling of
evolution of horizontally transferred genes. Mol Biol Evol 22: 1721–1732.
41. Tenaillon O, Taddei F, Radmian M, Matic I (2001) Second-order selection in
bacterial evolution: selection acting on mutation and recombination rates in the
course of adaptation. Res Microbiol 152: 11–16.
42. Earl DJ, Deem MW (2004) Evolvability is a selectable trait. Proc Natl Acad
Sci U S A 101: 11531–11536.
43. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, et al. (2007)
The human microbiome project. Nature 449: 804–810.
44. Chen SL, Hung CS, Xu J, Reigstad CS, Magrini V, et al. (2006) Identification of
genes subject to positive selection in uropathogenic strains of Escherichia coli: a
comparative genomics approach. Proc Natl Acad Sci U S A 103: 5977–5982.
45. Rocha EP, Smith JM, Hurst LD, Holden MT, Cooper JE, et al. (2006)
Comparisons of dN/dS are time dependent for closely related bacterial
genomes. J Theor Biol 239: 226–235.
46. Kryazhimskiy S, Plotkin JB (2008) The population genetics of dN/dS. PLoS
Genet 4: e1000304.
47. Didelot X, Maiden MC (2010) Impact of recombination on bacterial evolution.
Trends Microbiol 18: 315–322.
48. Buckee CO, Jolley KA, Recker M, Penman B, Kriz P, et al. (2008) Role of
selection in the emergence of lineages and the evolution of virulence in Neisseria
meningitidis. Proc Natl Acad Sci U S A 105: 15082–15087.
49. Moxon ER, Jansen VA (2005) Phage variation: understanding the behaviour of
an accidental pathogen. Trends Microbiol 13: 563–565.
50. Wiuf C, Christensen T, Hein J (2001) A simulation study of the reliability of
recombination detection methods. Mol Biol Evol 18: 1929–1939.
51. Schierup MH, Wiuf C (2010) The coalescent of bacterial populations. In:
Robinson DA, Falush D, Feil EJ, eds. Bacterial population genetics in infectious
diseases. Hoboken, N. J.: John Wiley & Sons. pp 3–18.
52. Osicka R, Kalmusova J, Krizova P, Sebo P (2001) Neisseria meningitidis RTX
protein FrpC induces high levels of serum antibodies during invasive disease:
polymorphism of frpC alleles and purification of recombinant FrpC. Infect
Immun 69: 5509–5519.
53. Jolley KA, Chan MS, Maiden MC (2004) mlstdbNet - distributed multi-locus
sequence typing (MLST) databases. BMC Bioinformatics 5: 86.
54. Didelot X, Falush D (2007) Inference of bacterial microevolution using
multilocus sequence data. Genetics 175: 1251–1266.
55. Huson D (1998) SplitsTree: analyzing and visualizing evolutionary data.
Bioinformatics 14: 68–73.
56. Bryant D, Moulton V (2004) Neighbor-net: an agglomerative method for the
construction of phylogenetic networks. Mol Biol Evol 21: 255–265.
57. Posada D (2008) jModelTest: phylogenetic model averaging. Mol Biol Evol 25:
1253–1256.
58. Rozas J, Sanchez-DelBarrio JC, Messeguer X, Rozas R (2003) DnaSP, DNA
polymorphism analyses by the coalescent and other methods. Bioinformatics 19:
2496–2497.
59. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123: 585–595.
60. Hudson RR (1987) Estimating the recombination parameter of a finite
population model without selection. Genet Res 50: 245–250.
61. Hudson RR, Boos DD, Kaplan NL (1992) A statistical test for detecting
geographic subdivision. Mol Biol Evol 9: 138–151.
62. Hudson RR (2000) A new statistic for detecting genetic differentiation. Genetics
155: 2011–2014.
63. Martin DP, Williamson C, Posada D (2005) RDP2: recombination detection and
analysis from sequence alignments. Bioinformatics 21: 260–262.
64. Tettelin H, Saunders NJ, Heidelberg J, Jeffries AC, Nelson KE, et al. (2000)
Complete genome sequence of Neisseria meningitidis serogroup B strain MC58.
Science 287: 1809–1815.
65. Parkhill J, Achtman M, James KD, Bentley SD, Churcher C, et al. (2000)
Complete DNA sequence of a serogroup A strain of Neisseria meningitidis
Z2491. Nature 404: 502–506.
66. Smyth GK (2005) Limma: linear models for microarray data. In: Gentleman R,
Carey V, Dudoit SR, Irizarry R, Huber W, eds. Bioinformatics and
Computational Biology Solutions using R and Bioconductor. New York:
Springer. pp 397–420.
67. R Development Core Team (2008) R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing.
68. Tatusov RL, Galperin MY, Natale DA, Koonin EV (2000) The COG database:
a tool for genome-scale analysis of protein functions and evolution. Nucleic Acids
Res 28: 33–36.
69. Rusniok C, Vallenet D, Floquet S, Ewles H, Mouze-Soulama C, et al. (2009)
NeMeSys: a biological resource for narrowing the gap between sequence and
function in the human pathogen Neisseria meningitidis. Genome Biol 10: R110.
70. Saunders NJ, Snyder LA (2002) The minimal mobile element. Microbiology
148: 3756–3760.
71. Morgan GJ, Hatfull GF, Casjens S, Hendrix RW (2002) Bacteriophage Mu
genome sequence: analysis and comparison with Mu-like prophages in
Haemophilus, Neisseria and Deinococcus. Journal of Molecular Biology 317:
337–359.
72. Dobrindt U, Hochhut B, Hentschel U, Hacker J (2004) Genomic islands in
pathogenic and environmental microorganisms. Nat Rev Microbiol 2: 414–424.
73. Swofford DL (2003) Phylogenetic analysis using parsimony (*and other
methods). 4 ed. Sunderland, Massachusetts: Sinauer Associates.
74. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc B 57: 289–300.
75. Meyer F, Goesmann A, McHardy AC, Bartels D, Bekel T, et al. (2003) GenDB–
an open source genome annotation system for prokaryote genomes. Nucleic
Acids Res 31: 2187–2195.
76. Tatusov RL, Koonin EV, Lipman DJ (1997) A genomic perspective on protein
families. Science 278: 631–637.
77. Edgar RC (2004) MUSCLE: a multiple sequence alignment method with
reduced time and space complexity. BMC Bioinformatics 5: 113.
78. Wernersson R, Pedersen AG (2003) RevTrans: Multiple alignment of coding
DNA from aligned amino acid sequences. Nucleic Acids Res 31: 3537–3539.
79. Castresana J (2000) Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol 17: 540–552.
80. Lewis LA, Ngampasutadol J, Wallace R, Reid JEA, Vogel U, et al. (2010) The
Meningococcal Vaccine Candidate Neisserial Surface Protein A (NspA) Binds to
Factor H and Enhances Meningococcal Resistance to Complement. PLoS
Pathog 6: e1001027.
Population Genomics of N. meningitidis
PLoS ONE | www.plosone.org 13 April 2011 | Volume 6 | Issue 4 | e1844181. Crowe BA, Wall RA, Kusecek B, Neumann B, Olyhoek T, et al. (1989) Clonal
and variable properties of Neisseria meningitidis isolated from cases and carriers
during and after an epidemic in The Gambia, West Africa. J Infect Dis 159:
686–700.
82. McGuinness BT, Clarke IN, Lambden PR, Barlow AK, Poolman JT, et al.
(1991) Point mutation in meningococcal por A gene associated with increased
endemic disease. Lancet 337: 514–517.
83. Vogel U, Morelli G, Zurth K, Claus H, Kriener E, et al. (1998) Necessity of
molecular techniques to distinguish between Neisseria meningitidis strains
isolated from patients with meningococcal disease and from their healthy
contacts. J Clin Microbiol 36: 2465–2470.
84. Snyder LA, Saunders NJ (2006) The majority of genes in the pathogenic
Neisseria species are present in non-pathogenic Neisseria lactamica, including
those designated as virulence genes. BMC Genomics 7: 128.
Population Genomics of N. meningitidis
PLoS ONE | www.plosone.org 14 April 2011 | Volume 6 | Issue 4 | e18441